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1
RESONANT TRANSDUCER

BACKGROUND

Technical Fields

The disclosure relates to an electrostatic drive resonant
transducer which 1s formed on a semiconductor substrate.

Priority 1s claimed on Japanese Patent Application No.
2016-226251, filed on Nov. 21, 2016, the contents of which

are 1ncorporated herein by reference.

Related Art

In a resonant transducer, an inside of a semiconductor
substrate, for example, a silicon water 1s provided with a
vacuum chamber 1n which a vacuum 1s maintained, a fine
resonant beam (a resonator) which i1s disposed inside the
vacuum chamber, and a resonant detector for detecting the
resonance ol the resonant beam (for example, refer to
Japanese Patent No. 5158160).

In a case 1 which the resonant transducer 1s used 1n a
high-pressure environment, for example, a compressive
strain 1s applied to the resonant beam, and there 1s a concern
that the resonant beam will buckle. When the resonant beam
buckles, the resonant beam no longer stably resonates.
Accordingly, usage 1s diflicult under high pressure.

On the other hand, Japanese Patent No. 5429696 discloses
a resonant transducer 1n which impurnities are diffused 1n the
resonant beam, and a high tension 1s applied to the resonant
beam. By applying high tension to the resonant beam, even
if the resonant beam 1s used 1n a high-pressure environment,
it 15 possible to suppress the buckling of the resonant beam.

Japanese Unexamined Patent Application No. HOI-
127929 discloses a resonant differential pressure sensor
which 1s capable of eliminating the influence of a compres-
sive strain which 1s applied to the resonant beam by static
pressure due to support beams extending from the end parts
of the resonant beam to both sides being formed and the
whole being formed in an arrow shape.

However, as 1n the resonant transducer which 1s described
in Japanese Patent No. 5429696, there 1s a limit to the degree
to which impurities are diflused 1n the resonant beam and the
tension 1s improved, and the resilience of the resonant beam
to buckling 1s limited. There 1s also a problem in which
laborious manufacturing processes such as diflusing impu-
rities 1n the resonant beam 1s necessary, and the manufac-
turing cost ncreases.

In the resonant differential pressure sensor which 1s
described 1n Japanese Unexamined Patent Application No.
HO1-127929, a peripheral region of the resonant beam 1s
spread out as a space, and the resonant beam 1s caused to
resonate using magnetism. In this configuration, the resonant
beam may not be excited by an electrostatic force, and the
configuration may not be applied to an electrostatic drive
resonant transducer. There 1s a problem in that when the
resonant differential pressure sensor which 1s described in
Japanese Unexamined Patent Application No. HO1-127929
1s to be caused to operate by electrostatic driving, electro-
static attraction arises between the support beams and the
electrodes of the electrostatic drive, and fluctuation 1n the
resonance ol the resonant beam increases.

SUMMARY

A resonant transducer may include a resonant beam which
1s formed on a semiconductor substrate, a support beam of
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which one end 1s connected to a part of the resonant beam
at a predetermined angle, a first electrode which 1s connected
to the resonant beam wvia the support beam, a second
clectrode which 1s disposed adjacent to a center of one side
surface of the resonant beam, and a conductor which 1s
disposed between the support beam and the second elec-

trode, the conductor being connected to the first electrode.
Further features and aspects of the present disclosure will

become apparent from the following detailed description of
exemplary embodiments with reference to the attached
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a plan view 1llustrating a resonant beam area of
a resonant transducer of a first embodiment of the present
invention.

FIG. 2 15 a sectional diagram along a thickness direction
of an A-A' line of the embodiment 1llustrated 1n FIG. 1.

FIG. 3 1s an enlarged plan view of a main part 1n which
a vicinity of the resonant beam of the embodiment illustrated
in FIG. 1 1s enlarged.

FIG. 4 1s a circuit diagram 1llustrating a circuit configu-
ration of the resonant transducer of the present invention.

FIG. 5 1s a plan view 1llustrating a resonant beam area of
a resonant transducer of a second embodiment of the present
invention.

FIG. 6 1s a plan view 1llustrating a resonant beam area of
a resonant transducer of a third embodiment of the present
invention.

(Ll

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

The embodiments of the present invention will be now
described herein with reference to illustrative preferred
embodiments. Those skilled in the art will recognize that
many alternative preferred embodiments can be accom-
plished using the teaching of the present invention and that
the present invention 1s not limited to the preferred embodi-
ments 1llustrated herein for explanatory purposes.

An aspect of the present invention 1s to provide an
clectrostatic drive resonant transducer which 1s capable of
preventing the resonant beam Ifrom buckling due to the
compressive strain on the resonant beam, and 1s capable of
detecting stress with high precision using the stable reso-
nance of the resonant beam.

Heremaftter, a description will be given of the resonant
transducer of the first embodiment of the present invention
with reference to the drawings. Specific description will be
given ol each of the embodiments in order to further
improve understanding of the gist of the invention, and this
does not limit the present mnvention as long as no indication
1s particularly given. With regard to the drawings which are
used in the following description, in order to {facilitate
understanding of the characteristics of the present invention,
there are cases in which main parts are illustrated 1n an
enlarged manner for convenience, and the dimensional
aspect ratios and the like of the constituent elements are not
necessarily the same as 1n actuality.

First Embodiment

FIG. 1 1s a plan view 1llustrating a shell of the resonant
transducer of the present invention as viewed from above,
excluding the shell. FIG. 2 1s a sectional diagram along the

thickness direction of the A-A' line in FIG. 1. FIG. 3 1s an
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enlarged plan view of a main part in which the vicinity of the
resonant beam in FIG. 1 1s enlarged.

A description will be given of the configuration of the first
embodiment which 1s illustrated 1n FIG. 1. The character-
istics of the first embodiment of FIG. 1 are 1n conductors
Ele. The conductors Ele include a first part conductor Elel,
a second part conductor Ele2, a third part conductor Ele3,
and a fourth part conductor Eled.

A resonant beam 12 1s formed to be narrow and long. The
resonant beam 12 1s formed to be symmetrical around a
center O thereof. Support beams 18 are connected to the
resonant beam 12. The support beams 18 include a first
support beam 18A, a second support beam 18B, a third
support beam 18C, and a fourth support beam 18D.

One end of the third support beam 18C 1s connected to
one end 12a of the resonant beam 12. One end of the fourth
support beam 18D 1s connected to the one end 12a of the
resonant beam 12. One end of the first support beam 18A 1s
connected to the other end 125 of the resonant beam 12. One
end of the second support beam 18B i1s connected to the
other end 126 of the resonant beam 12.

The other end of the third support beam 18C 1s connected
to a first electrode E15 of the other side. The other end of the
fourth support beam 18D 1s connected to the first electrode
E1b of the other side. The other end of the first support beam
18A 1s connected to the first electrode Ela of the one side.
The other end of the second support beam 18B 1s connected
to the first electrode Ela of the one side.

Therefore, the first electrode Ela of the one side and the
first electrode E15 of the other side are connected via the
first support beam 18A, the second support beam 18B, the
resonant beam 12, the third support beam 18C, and the
fourth support beam 18D. The first electrode Ela of the one
s1de, the first electrode E15 of the other side, the first support
beam 18 A, the second support beam 18B, the resonant beam
12, the third support beam 18C, and the fourth support beam
18D have the same electrical potential.

The first electrode Ela of the one side and the first
clectrode E15 of the other side are connected to a first
clectrode terminal 15.

A longitudinal direction L1 of the resonant beam 12 and
the first support beam 18A form an angle 01 (for example,
an interior angle of approximately 80°). The longitudinal
direction L1 of the resonant beam 12 and the second support
beam 18B form the angle 01. The longitudinal direction L1
of the resonant beam 12 and the third support beam 18C
form the angle 01. The longitudinal direction L1 of the
resonant beam 12 and the fourth support beam 18D form the
angle 01.

A second electrode E2 1s formed adjacent to one side
surface 12e1 of the resonant beam 12. The second electrode
E2 1s connected to a second electrode terminal 16. A third
clectrode E3 1s formed adjacent to the other side surface
12¢2 of the resonant beam 12. The third electrode E3 1s
connected to a third electrode termunal 17. The second
clectrode E2 and the third electrode E3 are formed to be
adjacent via the resonant beam 12.

The first support beam 18A and the third support beam
18C are formed on the one side surface 12e1 of the resonant
beam 12. The second support beam 18B and the fourth
support beam 18D are formed on the other side surface 12¢2
of the resonant beam 12.

By adjusting the angle 01, 1t 1s possible to control the
pressure strain which 1s applied to the resonant beam 12
from the support beams 18 1n a range of, for example, 1 to
1/500. In particular, 1n a case 1n which the resonant beam 12
1s to be used for the purpose of a pressure gage, 1t 1s
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appropriate to adjust the angle 01 according to the pressure
range to be used. When the angle 01 1s widened to reduce the
transmission amount of the pressure strain, although buck-
ling occurs less easily, the pressure sensitivity 1s worsened.
By controlling the transmission amount of the pressure
strain to a degree at which buckling does not occur by
adjusting the angle 01, 1t 1s possible to realize a pressure
sensor which utilizes the physical properties of silicon to the
maximum extent.

The first part conductor Elel 1s formed to surround the
second electrode E2, the first support beam 18A, and the
resonant beam 12, and the first part conductor Elel 1s
connected to the first electrode Ela of the one side. The
second part conductor Ele2 1s formed to surround the third
clectrode E3, the second support beam 18B, and the resonant

beam 12, and the second part conductor Ele2 i1s connected
to the first electrode Ela of the one side. The third part
conductor Ele3 1s formed to surround the second electrode
E2, the third support beam 18C, and the resonant beam 12,
and the third part conductor Ele3 1s connected to the first
clectrode E1b of the other side. The fourth part conductor
Eled4 1s formed to surround the third electrode E3, the fourth
support beam 18D, and the resonant beam 12, and the fourth
part conductor Eled 1s connected to the first electrode E1b
of the other side.

Through these configurations, the force which 1s gener-
ated between the first support beam 18A and the second
clectrode E2 1s suppressed, and the operation of the resonant
beam 12 1s stabilized. The force which 1s generated between
the second support beam 18B and the third electrode E3 1s
suppressed, and the operation of the resonant beam 12 1s
stabilized. The force which i1s generated between the third
support beam 18C and the second electrode E2 i1s sup-
pressed, and the operation of the resonant beam 12 1s
stabilized. The force which 1s generated between the fourth
support beam 18D and the third electrode E3 1s suppressed,
and the operation of the resonant beam 12 1s stabilized.

The first part conductor Elel and the third part conductor
Ele3 are respectively provided with parts Els1 which are
adjacent to the one side surface 12e1 of the resonant beam
12 and are parallel. The second part conductor Ele2 and the
fourth part conductor Eled are respectively provided with
parts E1s2 which are adjacent to the other side surface 12¢2
of the resonant beam 12 and are parallel.

The first part conductor Elel 1s provided with a part E151
which 1s adjacent and parallel to one side surface 18561 of the
first support beam 18A. The second part conductor Ele2 1s
provided with a part which 1s adjacent and parallel to the one
side surface of the second support beam 18B. The third part
conductor Ele3 1s provided with a part which 1s adjacent and
parallel to the one side surface of the third support beam
18C. The fourth part conductor Eled 1s provided with a part
which 1s adjacent and parallel to the one side surface of the
fourth support beam 18D.

Through these configurations, the force which 1s gener-
ated between the first support beam 18A and the second
clectrode E2 1s minimized, and the operation of the resonant
beam 12 1s stabilized. The force which 1s generated between
the second support beam 18B and the third electrode E3 1s
minimized, and the operation of the resonant beam 12 1s
stabilized. The force which i1s generated between the third
support beam 18C and the second electrode E2 1s mini-
mized, and the operation of the resonant beam 12 1s stabi-
lized. The force which i1s generated between the fourth
support beam 18D and the third electrode E3 1s minimized,
and the operation of the resonant beam 12 1s stabilized.
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The second electrode E2 includes a part E2e which 1s
parallel to the one side surface 12¢1 of the resonant beam 12.
The third electrode E3 includes a part E3e which 1s parallel
to the other side surface 12¢2 of the resonant beam 12. The
second electrode E2 and the third electrode E3 are disposed
to interpose the resonant beam 12 from both sides 1n the
longitudinal direction L1 and to maintain a predetermined
gap with respect to the resonant beam 12.

A description will be given of FIG. 2.

A resonant transducer 10 which 1s the first embodiment of
the present invention 1s provided with, for example, a
semiconductor substrate 11 A which 1s formed of a silicon
single crystal water. A silicon single crystal layer 11B, for
example, 1s formed on one surface (a main surface) 11a of
the semiconductor substrate 11A. The silicon single crystal
layer 11B 1s configured of, for example, a low-resistance
P-type semiconductor which 1s doped with boron. The
silicon single crystal layer 11B 1s formed epitaxially or by
bonding.

A shell 14 1s formed to overlap the silicon single crystal
layer 11B.

A vacuum chamber 21 which 1s partitioned 1nto a prede-
termined shape 1s formed on the one surface 11a of the
semiconductor substrate 11A, and the resonant beam (a
resonator) 12 1s formed 1nside the vacuum chamber 21. The
resonant beam 12 1s formed to extend, in a narrow and long
manner, along the intra-surface direction of the one surface
11a of the semiconductor substrate 11A. A cross section of
the resonant beam 12 which 1s perpendicular to the semi-
conductor substrate 11A 1s larger than a cross section which
1s parallel to the semiconductor substrate 11A. In a case that
the longitudinal width of the resonant beam 12 is at least
three times longer than the lateral width of the resonant
beam 12, favorable characteristics may be obtained. In the
present embodiment, the longitudinal direction L1 of the
resonant beam 12 passes between the second electrode E
and the third electrode E3.

According to this configuration, the resonant beam 12 and
the support beams 18 thereof are formed to assume an
overall shape of a double-headed arrow as in the embodi-
ment of FIG. 1 when the resonant transducer 10 1s viewed
in a plan view from the shell 14 side.

Predetermined gaps are formed 1n a first electrode El, the
second electrode E2, and the third electrode E3 so as to
surround the periphery of the resonant beam 12 and the
respective support beams 18, and the vacuum chamber 21 1s
formed by the gaps.

It 1s preferable that impurities be diffused 1n the resonant
beam 12 which 1s formed in the silicon single crystal layer
11B and the respective support beams 18. For example, by
doping the resonant beam 12 and the respective support
beams 18 with a specific element, 1t 1s possible to cause the
impurities to diffuse. The diflusion of the impurities gives
high tension characteristics to the resonant beam 12 and the
respective support beams 18.

The shell 14 1s configured, 1n order from the vacuum
chamber 21, of a first layer 26 and a second layer 27 which
1s arranged to overlap the first layer 26. The first layer 26 and
the second layer 27 are formed of any of a polysilicon, an
amorphous silicon, S1C, S1Ge, and Ge, for example.

A through hole 25 1s formed in an area at which the first
layer 26 overlaps the vacuum chamber 21. For example, the
through hole 25 1s formed 1n the first layer 26 immediately
above the resonant beam 12. The through hole 25 1s an
opening through which an inflow and an outflow of an
etching liquid which 1s used for forming the gap which
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configures the vacuum chamber 21. The through hole 25 1s
blocked by a blocking member 29.

An 1nsulating layer 22 1s formed between the semicon-
ductor substrate 11 A and the silicon single crystal layer 11B
at an area excluding the vacuum chamber 21. An insulating
layer 23 1s formed between the silicon single crystal layer
11B and the shell 14 at an area excluding the vacuum
chamber 21. The msulating layer 22 1s formed by an SOT
substrate.

The 1nside of the vacuum chamber 21 1s maintained at a
predetermined vacuum degree. The resonant beam 12 and
the respective support beams 18 are disposed maintaining a
predetermined interval with respect to the members which
partition the vacuum chamber 21, that 1s, the semiconductor
substrate 11 A, the silicon single crystal layer 11B, and the
shell 14.

According to FIG. 3, an angle 02 formed by a direction .2
from one end of the support beams 18 toward the other end
of the support beams 18 and a direction L3 from the center
O of the resonant beam 12 in the longitudinal direction
toward the other end of the support beams 18 1s substantially
a right angle. The resonant transducer 10 of the present
invention may be used as a thermometer, for example.

The angle 02 formed by the direction L2 from one end of
the first support beam 18A toward the other end of the first
support beam 18A and the direction L3 from the center O of
the resonant beam 12 1n the longitudinal direction toward the
other end of the first support beam 18A 1s substantially a
right angle. The angle 02 formed by a direction from one end
of the second support beam 18B toward the other end of the
second support beam 18B and a direction from the center O
of the resonant beam 12 1n the longitudinal direction toward
the other end of the second support beam 18B 1s substan-
tially a right angle.

The angle 02 formed by a direction from one end of the
third support beam 18C toward the other end of the third
support beam 18C and a direction from the center O of the
resonant beam 12 1n the longitudinal direction toward the
other end of the third support beam 18C 1s substantially a
right angle (not illustrated). The angle 02 formed by a
direction from one end of the fourth support beam 18D
toward the other end of the fourth support beam 18D and a
direction from the center O of the resonant beam 12 1n the
longitudinal direction toward the other end of the fourth
support beam 18D 1s substantially a right angle (not 1llus-
trated).

A description will be given of the operational effects of
the resonant transducer 10 of the first embodiment which 1s
illustrated in FIGS. 1 to 3.

In a case 1n which the temperature changes, a stress 1s
applied to the elements of the resonant transducer 10 such
that the elements are displaced toward the center O of the
resonant beam 12. The other end of the first support beam
18A and the other end of the second support beam 18B are
displaced on a tangential line of a virtual circle R which 1s
centered on the other end 125 of the resonant beam 12. The
other end of the third support beam 18C and the other end
of the fourth support beam 18D are displaced on a tangential
line of a virtual circle which i1s centered on the one end 12a
of the resonant beam 12 (not illustrated).

The stress of the other end 1256 of the resonant beam 12
heading toward the center O cancels the stress which 1s
generated between the one end of the first support beam 18A
and the one end of the second support beam 18B, and the
other end 125 of the resonant beam 12 1s not displaced. The
stress of the one end 12a of the resonant beam 12 heading
toward the center O cancels the stress which 1s generated
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between the one end of the third support beam 18C and the
one end of the fourth support beam 18D, and the one end 12a
of the resonant beam 12 1s not displaced.

Therelfore, according to the resonant transducer 10 of the
first embodiment, the stress (pressure and the like) from the 5
outside 1s not significantly transmitted to the resonant beam.
The resonance (the frequency variation) of the resonant
beam 1s determined by the temperature dependency of the
spring coethicient (Young’s modulus). Accordingly, the reso-
nant transducer 10 of the first embodiment may be applied 10
tavorably for the purpose of a thermometer.

FIG. 4 1s a circuit diagram 1llustrating an outline of the
circuit of the resonant transducer.

In FIG. 4, configurations which are similar to those in
FIGS. 1 to 3 will be assigned the same numbers, and detailed 15
description thereol will not be repeated.

The resonant transducer 10 includes an exciter (a drive
circuit) 41 for exciting the resonant beam 12 and a resonant
detector 42 for detecting the resonance of the resonant beam
12. The exciter 41 1s provided with a drive power source 43. 20

The resonant detector 42 1s configured of the drive power
source 43, a bias power supply 44, resistances R1, R2, and
R3, operational amplifiers (op-amps) OP1, OP2, and the
like.

The bias power supply 44 1s connected to the first elec- 25
trode terminal 15, and the first electrode terminal 15 1s
grounded to a stable potential via the bias power supply 44.
The second electrode terminal 16 1s connected to the drive
power source 43. The third electrode terminal 17 1s con-
nected to the resonant detector 42. 30

A description will be given of the operations of the circuit
ol the resonant transducer which 1s illustrated in FIG. 4.

An alternating current voltage of a predetermined drive
voltage Vi 1s applied from the drive power source 43. A
direct current voltage of a predetermined bias voltage Vb 1s 35
applied from the bias power supply 44. The bias voltage Vb
ol a predetermined voltage 1s applied to the first electrodes
Ela and E1) from the bias power supply 44 via the first
clectrode terminal 15. The drive voltage Vi of an alternating
current 1s applied to the second electrode E2 from the drive 40
power source 43 via the second electrode terminal 16. A
detection signal corresponding to the resonant frequency of
the resonant beam 12 1s extracted from the third electrode E3
via the third electrode terminal 17.

When the bias voltage Vb of a predetermined voltage 1s 45
applied to the first electrodes Ela and E1b, and the drive
voltage V1 of an alternating current i1s applied to the second
clectrode E2, an electrostatic attraction 1s generated between
the resonant beam 12 which becomes the same potential as
the first electrodes Fla and E15 and the second electrode E2, 50
and the resonant beam 12 resonates at a fixed resonant
frequency along the intra-surface direction of the one sur-
tace 11a of the semiconductor substrate 11A.

On the other hand, a charge 1s stored by the bias voltage
Vb which 1s applied to the first electrodes Ela and E1b 55
between the resonant beam 12 which becomes the same
potential as the first electrodes Ela and E15 and the third
clectrode E3. When the resonant beam 12 resonates to
change the electrostatic capacity between the resonant beam
12 and the third electrode E3, a detection signal which 1s an 60
alternating current corresponding to the change 1s generated.
The detection signal 1s amplified by the operational ampli-
fiers OP1 and OP2, and the resonant frequency of the
resonant beam 12 1s measured by reading the voltage change
using a counter. 65

When stress 1s applied to the resonant beam 12 and strain
1s generated, the resonant frequency of the resonant beam 12
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fluctuates according to the amount of the strain. It 1s possible
to measure the amount of the strain of the resonant beam 12

(1n other words, the stress which 1s applied to the resonant
beam 12) by referring to the relationship between the
fluctuation amount of the resonant frequency of the resonant
beam 12 and the amount of the strain of the resonant beam
12. The stress which 1s applied to the resonant beam 12 1s
generated by pressure, acceleration, strain, temperature, and
the like.

In this configuration, 1t 1s possible to separate the second
clectrode E2 which serves as the excitation electrode and the
third electrode E3 which serves as the detection electrode.
For this reason, since the parasitic capacitance between the
second electrode FE2 and the third electrode E3 1s reduced,
cross talk 1n which the drive voltage Vi1 goes around to the
detection circuit side 1s suppressed, and the SN ratio 1s
improved.

By forming the conductors Ele (the first part conductor
Elel, the second part conductor Ele2, the third part con-
ductor Ele3, and the fourth part conductor Eled) which 1s
a part of the first electrodes Fla and E1b respectively
between the support beams 18A, 18B, 18C, and 18D which
support the resonant beam 12 and the second electrode E2
and the third electrode E3, the periphery of the support
beams 18A, 18B, 18C, and 18D assumes the same potential
as the first electrodes Ela and E1b.

Accordingly, the electrostatic attraction between the first
support beam 18A and the second electrode E2 is cut off, the
clectrostatic attraction between the second support beam
18B and the third electrode E3 is cut ofl, the electrostatic
attraction between the third support beam 18C and the
second electrode E2 1s cut off, the electrostatic attraction
between the fourth support beam 18D and the third electrode
E3 1s cut off, and 1t 1s possible to stabilize the operation of
the resonant beam 12. Accordingly, the resonant beam 12
does not generate a different resonance from the original
resonance mode. It 1s possible to realize a resonant trans-
ducer which 1s capable of detecting physical stress with high
precision.

In a case 1n which the resonant transducer 10 1s used 1n a
high-pressure environment, for example, a large compres-
sive strain 1s applied to the semiconductor substrate 11A.
However, since the resonant beam 12 1s connected to the first
clectrode FE1 via the support beams 18A, 18B, 18C, and 18D
which are formed to fork 1nto two at the respective one ends
12a and other ends 125, 1t 1s possible to reduce the com-
pressive strain which 1s applied to the resonant beam 12.

In a case i which the resonant beam 12 1s used 1n a
high-pressure environment, buckling of the resonant beam
12 1s suppressed, and the resonant beam 12 resonates stably
according to an action based on the configuration of the
resonant transducer 10 of the present mvention. Accord-
ingly, even 1 a high-pressure environment, the resonant
beam 12 1s capable of stably resonating without buckling,
and 1t 1s possible to realize the resonant transducer 10 which
1s capable of detecting physical stress with high precision.

As described above, according to the resonant transducer
10 of the present invention, 1t 1s possible to provide an
clectrostatic drive resonant transducer which 1s capable of
detecting stress with high precision due to the stable reso-
nance of the resonant beam.

Second Embodiment

FIG. 5 1s a plan view 1llustrating a resonant beam area of
a resonant transducer of a second embodiment of the present
invention. Configurations which are similar to those of the
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first embodiment will be assigned the same numbers, and
detailed description thereotf will not be repeated. The char-
acteristics of the second embodiment which 1s 1llustrated 1n
FIG. 5 are in the point in which the shape of the resonant
beam 1s formed asymmetrically in comparison to the first
embodiment which 1s illustrated in FIG. 1. Hereinatter, a
description will be given of the configuration of the second
embodiment which 1s 1illustrated 1in FIG. 5.

In a resonant transducer 30 of the second embodiment,
support beams 38 (a first support beam 38A and a second
support beam 38B) are formed only on one end 32a of a
resonant beam 32, and other end 325 of the resonant beam
32 1s directly connected to the first electrode E1b.

Even 1n the resonant transducer 30 of this configuration,
the first part conductor Elel of the conductors Ele which 1s
a part of the first electrode Ela 1s formed between the first
support beam 38A which supports the one end 32a of the
resonant beam 32 and the second electrode E2, and the
second part conductor Ele2 of the conductor Ele 1s formed
between the second support beam 38B and the third elec-
trode E3.

A description will be given of the operational effects of
the resonant transducer of the second embodiment which 1s
illustrated in FIG. 3.

According to these configurations, the electrostatic attrac-
tion between the second electrode E2 and the third electrode
E3 1s cut off, and 1t 1s possible to stabilize the operation of
the resonant beam 32. Accordingly, the resonant beam 32
does not generate a diflerent resonance irom the original
resonance mode. Accordingly, 1t 1s possible to realize a
resonant transducer which 1s capable of detecting physical
stress with high precision.

As 1 the present embodiment, by forming the support
beams 38 which support the resonant beam 32 only on the
one end 32a of the resonant beam 32, 1t 1s possible to reduce
the reduction amount of the strain, and it 1s possible to
increase the detection precision ol the stress which 1s
applied.

Third Embodiment

FIG. 6 1s a plan view 1illustrating a resonant beam area of
a resonant transducer of a third embodiment of the present
invention. The characteristics of a resonant transducer 50 of
the third embodiment which is illustrated 1n FIG. 6 are in the
point 1n which the conductor 1s grounded 1n comparison to
the resonant transducer of the first embodiment which 1s
illustrated 1n FIG. 1. Configurations which are similar to
those of the first embodiment will be assigned the same
numbers, and detailed description thereof will not be
repeated.

The other end of the third support beam 18C 1s connected
to a pad 18CC. The other end of the fourth support beam
18D 1s connected to a pad 18DD. The other end of the first
support beam 18A 1s connected to a pad 18AA. The other
end of the second support beam 18B 1s connected to a pad
18BB. The pad 18DD 1s connected to an electrode terminal
15DD. The electrode terminal 15DD 1s connected to the bias
power supply 44 which 1s illustrated in FIG. 4, and the
clectrode terminal 15DD i1s grounded to a stable potential
body which 1s set to a stable potential via the bias power
supply 44 (not illustrated).

Theretfore, the pad 18AA, the first support beam 18A, the
pad 18BB, the second support beam 18B, the resonant beam
12, the pad 18CC, the third support beam 18C, the pad
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18DD, the fourth support beam 18D, and the electrode
terminal 15DD are the same electrical potential as each
other.

The first electrode E1 1s formed to surround the pad
18AA, the first support beam 18A, the pad 18BB, the second
support beam 18B, the pad 18CC, the third support beam
18C, the pad 18DD, the fourth support beam 18D, the
second electrode E2, and the third electrode E3. The first
part conductor Elel, the second part conductor Ele2, the
third part conductor Ele3, and the fourth part conductor
Eled are respectively connected to the first electrode El.
The first electrode E1 1s connected to the first electrode
terminal 15.

A description will be given of the operations and eflects
ol the resonant transducer of the third embodiment which 1s
illustrated 1n FIG. 6.

According to the resonant transducer 50 of the third
embodiment, in the same manner as in the resonant trans-
ducer 10 of the first embodiment, the force which 1s gener-
ated between the first support beam 18A and the second
clectrode E2 the force which 1s generated between the
second support beam 18B and the third electrode E3, the
force which 1s generated between the third support beam
18C and the second electrode E2, and the force which 1s
generated between the fourth support beam 18D and the
third electrode E3 are respectively suppressed. Accordingly,
it 1s possible to stabilize the operation of the resonant beam
12.

While preferred embodiments of the invention have been
described and illustrated above, it should be understood that
these are exemplary of the mmvention and are not to be
considered as limiting. Additions, omissions, substitutions,
and other modifications can be made without departing from
the spirit or scope of the present invention. Accordingly, the
invention 1s not to be considered as being limited by the
foregoing description, and 1s only limited by the scope of the
appended claims.

For example, 1n the above-described embodiments, an
example 1s given of forming a plurality of conductors
(regions) between the plurality of support beams which
support the resonant beam and the respective support beams,
second electrodes, and third electrodes; however, a configu-
ration 1n which a single conductor of the same potential as
the support beam 1s formed between at least one of the
support beams and an electrode of a diflerent potential {from
the support beam.

As used herein, the following directional terms “front,
back, above, downward, right, left, vertical, horizontal,
below, transverse, row and column™ as well as any other
similar directional terms refer to those instructions of a
device equipped with the present invention. Accordingly,
these terms, as utilized to describe the present mvention
should be 1nterpreted relative to a device equipped with the
present mvention.

The term “configured” 1s used to describe a component,
umt or part of a device includes hardware and/or software
that 1s constructed and/or programmed to carry out the
desired function.

Moreover, terms that are expressed as “means-plus func-
tion” 1n the claims should include any structure that can be
utilized to carry out the function of that part of the present
invention.

The term “unit” 1s used to describe a component, unit or
part of a hardware and/or software that 1s constructed and/or
programmed to carry out the desired function. Typical
examples of the hardware may include, but are not limited
to, a device and a circuit.




US 11,211,916 B2

11

While preferred embodiments of the present imvention
have been described and illustrated above, it should be
understood that these are examples of the present invention
and are not to be considered as limiting. Additions, omis-
sions, substitutions, and other modifications can be made
without departing from the scope of the present invention.
Accordingly, the present invention 1s not to be considered as
being limited by the foregoing description, and 1s only
limited by the scope of the claims.

What 1s claimed 1s:

1. A resonant transducer comprising:

a resonant beam which 1s formed on a semiconductor
substrate, both ends of the resonant beam being sup-
ported;

a support beam of which one end 1s connected to a part of
the resonant beam at a predetermined angle;

a first electrode which 1s connected to the resonant beam
via the support beam;

a second electrode which 1s disposed adjacent to a center
of one side surface of the resonant beam; and

a conductor which 1s disposed between the support beam
and the second electrode, the conductor being con-
nected to the first electrode,

wherein a longitudinal direction of the resonant beam and
a longitudinal direction of the support beam form an
acute angle or an obtuse angle,

wherein a vertical length of the resonant beam 1s longer
than a horizontal length of the resonant beam, both ends
of the resonant beam are supported, and the resonant
beam resonates along an intra-surface direction of the
semiconductor substrate,

wherein the support beam comprises:

a first support beam of which one end i1s connected to
one side surface of one end of the resonant beam at
a predetermined angle, another end of the first sup-
port beam being connected to the semiconductor
substrate at a predetermined angle; and

a second support beam of which one end 1s connected
to another side surface of the one end of the resonant
beam at a predetermined angle, and

wherein a {irst connection point at which the first support
beam 1s connected to the semiconductor substrate, a
second connection point at which the second support
beam 1s connected to the semiconductor substrate, and
a third connection point at which the first support beam
and the second support beam are connected to the
resonant beam are not aligned 1n a straight line.

2. The resonant transducer according to claim 1, wherein

the conductor 1s formed to surround the support beam.

3. The resonant transducer according to claim 1, wherein
the conductor comprises:

a part which 1s parallel to one side surface of the support

beam; and

a part which 1s parallel to the other side surface of the
support beam.

4. The resonant transducer according to claim 1, wherein
the conductor comprises a part which 1s parallel to the one
side surface of the resonant beam.

5. The resonant transducer according to claim 1,

wherein an angle which 1s formed by a direction heading
from the one end of the support beam toward another
end and a direction heading from a center of the
resonant beam 1n a longitudinal direction toward the
other end of the support beam 1s substantially a right
angle, and resonance of the resonant beam 1s detected,
where the resonance 1s based on temperature.
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6. The resonant transducer according to claim 1,

wherein a third electrode 1s formed adjacent to a center of
the other side surface of the resonant beam, and

wherein the conductor comprises:

a first part conductor which 1s disposed between the
support beam and the second electrode, the first part
conductor being connected to the first electrode; and

a second part conductor which 1s disposed between the
support beam and the third electrode, the second part
conductor being connected to the first electrode.

7. The resonant transducer according to claim 6, wherein
the first part conductor 1s formed to surround the second
clectrode, the first support beam, and the resonant beam.

8. The resonant transducer according to claim 6, wherein
the second part conductor 1s formed to surround the third
clectrode, the second support beam, and the resonant beam.

9. The resonant transducer according to claim 1, wherein
a cross section of the resonant beam which 1s perpendicular
to the semiconductor substrate 1s larger than a cross section
which 1s parallel to the semiconductor substrate.

10. The resonant transducer according to claim 1, wherein
a longitudinal width of the resonant beam 1s at least three
times longer than a lateral width of the resonant beam.

11. The resonant transducer according to claim 1, further
comprising:

a vacuum chamber which 1s formed 1n the semiconductor
substrate, the vacuum chamber being partitioned into a
predetermined shape; and

a first layer which covers the vacuum chamber,

wherein the resonant beam 1s disposed 1n the vacuum
chamber, and

wherein a through hole 1s formed 1n the first layer imme-
diately above the resonant beam.

12. The resonant transducer according to claim 11,

wherein the through hole 1s blocked by a blocking mem-
ber, and

wherein the resonant transducer further comprises a sec-
ond layer which covers the through hole.

13. A resonant transducer comprising;:

a resonant beam which 1s formed on a semiconductor
substrate;

a support beam of which one end 1s connected to a part of
the resonant beam at a predetermined angle;

a first electrode which 1s connected to the resonant beam
via the support beam:;

a second electrode which 1s disposed adjacent to a center
of one side surface of the resonant beam; and

a conductor which 1s disposed between the support beam
and the second electrode, the conductor being con-
nected to the first electrode,

wherein the support beam comprises:

a first support beam which 1s connected to one side
surface of one end of the resonant beam at a prede-
termined angle; and

a second support beam which 1s connected to the other
side surface of one end of the resonant beam at a
predetermined angle,

wherein a third electrode 1s formed adjacent to a center of
the other side surface of the resonant beam,

wherein the conductor comprises:

a first part conductor which 1s disposed between the
support beam and the second electrode, the first part
conductor being connected to the first electrode; and

a second part conductor which 1s disposed between the
support beam and the third electrode, the second part
conductor being connected to the first electrode,
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wherein the support beam further comprises:

a third support beam which 1s connected to one side

surtace of the other end of the resonant beam at a
predetermined angle; and

a fourth support beam which 1s connected to the other

side surface of the other end of the resonant beam at
a predetermined angle,
wherein the conductor further comprises:

a third part conductor which 1s disposed between the
third support beam and the second electrode, the
third part conductor being connected to the first

electrode, and
a fourth part conductor which 1s disposed between the

fourth support beam and the third electrode, the

fourth part conductor being connected to the first
electrode,

wherein a vertical length of the resonant beam 1s longer

than a horizontal length of the resonant beam, both ends
of the resonant beam are supported, and the resonant
beam resonates along an intra-surface direction of the
semiconductor substrate, and

wherein a first connection point at which the first support

beam 1s connected to the semiconductor substrate, a
second connection point at which the second support
beam 1s connected to the semiconductor substrate, and
a third connection point at which the first support beam
and the second support beam are connected to the
resonant beam are not aligned 1n a straight line.

14. The resonant transducer according to claim 1,

wherein the resonant beam, the support beam, the first

electrode, and the second electrode are formed on the
same surface as each other,

wherein impurities are diffused 1n the resonant beam and

the support beam respectively, and

wherein the resonant transducer comprises a drive circuit

which causes the resonant beam to resonate along the
intra-surface direction.

15. The resonant transducer according to claim 13,
wherein the third part conductor 1s formed to surround the
second electrode, the third support beam, and the resonant
beam.

16. The resonant transducer according to claim 13,
wherein the fourth part conductor 1s formed to surround the
third electrode, the fourth support beam, and the resonant
beam.

17. The resonant transducer according to claim 13, further
comprising;

a first pad which 1s connected to the first support beam;

a second pad which 1s connected to the second support

beam;

a third pad which 1s connected to the third support beam:;

a fourth pad which 1s connected to the fourth support

beam; and

an electrode terminal which 1s connected to a bias power

supply,
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wherein the fourth pad i1s connected to the electrode
terminal.

18. The resonant transducer according to claim 17,

wherein the first pad, the first support beam, the second
pad, the second support beam, the resonant beam, the
third pad, the third support beam, the fourth pad, the
fourth support beam, and the electrode terminal are the
same electrical potential as each other.

19. The resonant transducer according to claim 17,

wherein the first electrode surrounds the first pad, the first
support beam, the second pad, the second support
beam, the third pad, the third support beam, the fourth
pad, the fourth support beam, the second electrode, and
the third electrode.

20. A resonant transducer comprising:

a resonant beam which 1s formed on a semiconductor
substrate, both ends of the resonant beam being sup-
ported;

a support beam of which one end 1s connected to a part of
the resonant beam at a predetermined angle;

a first electrode which 1s connected to the resonant beam
via the support beam:;

a second electrode which 1s disposed adjacent to a center
of one side surface of the resonant beam;

a conductor which 1s disposed between the support beam
and the second electrode, the conductor being con-
nected to a stable potential body;

a drive circuit which 1s connected to the second electrode
and excites the resonant beam; and

a resonant detector configured to detect resonance of the
resonant beam,

wherein a longitudinal direction of the resonant beam and
a longitudinal direction of the support beam form an
acute angle or an obtuse angle,

wherein a vertical length of the resonant beam 1s longer
than a horizontal length of the resonant beam, both ends
of the resonant beam are supported, and the resonant
beam resonates along an intra-surface direction of the
semiconductor substrate,

wherein the support beam comprises:

a first support beam of which one end i1s connected to
one side surface of one end of the resonant beam at
a predetermined angle, another end of the first sup-
port beam being connected to the semiconductor
substrate at a predetermined angle; and

a second support beam of which one end 1s connected
to another side surface of the one end of the resonant
beam at a predetermined angle, and

wherein a first connection point at which the first support
beam 1s connected to the semiconductor substrate, a
second connection point at which the second support
beam 1s connected to the semiconductor substrate, and
a third connection point at which the first support beam
and the second support beam are connected to the
resonant beam are not aligned 1n a straight line.
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